Abstract-The wireless communications in complex environments, such as underground and underwater, can enable various applications in the environmental, industrial, homeland security, law enforcement, and military fields. However, conventional electromagnetic (EM) wave-based techniques do not work due to the lossy media and complicated structures. Magnetic Induction (MI) has been proved to achieve reliable communication in such environments. However, due to the small antenna size, the communication range of MI is still very limited, especially for the portable mobile devices. To this end, Metamaterial-enhanced Magnetic Induction (M 2 I) communication has been proposed, where the theoretical results predict that it can significantly increase the data rate and range. Nevertheless, there exists a significant gap between the theoretical prediction and the practical realization of M 2 I: the theoretical model relies on an ideal spherical metamaterial while it does not exist in nature. In this paper, a practical design is proposed by leveraging a spherical coil array to realize M 2 I communication. The full-wave simulation is conducted to validate the design objectives. By using the spherical coil array-based M 2 I communication, the communication range can be significantly extended, exactly as we predicted in the ideal M 2 I model. Finally, the proposed M 2 I communication is implemented and tested in various environments.
not all, existing wireless techniques [6] [7] [8] . One of the solutions is to utilize the long wavelength VLF frequency signal [9] , which requires the antenna size as large as 100 m long. However, the wireless devices, such as sensors and robots, working in the complex environments can not accommodate such large antennas or transmit enough power. As a result, wireless communication calls for a new mechanism which can enable power-efficient data transmission with portable antennas in complex environments.
Magnetic Induction (MI) is a promising solution which has been proposed to provide reliable wireless communications in underground [6] and underwater [10] , [11] . Wireless signals are transmitted by leveraging the magnetic field radiated by a loop antenna rather than using the electromagnetic (EM) wave. Thus, the path loss due to the material absorption in lossy media can be effectively reduced. Also, the MI communication enjoys a stable channel since the permeability is the same for most of media in nature. However, MI requires huge antenna to effectively transmit and receive MI signals. The existing through-the-earth (TTE) communications [12] [13] [14] systems (based on MI) require coil antennas with a diameter of several meters. If the antenna size has to be reduced to centimeter level for portable device, the transmission distance would be extremely short [15] . We introduced metamaterial to MI communication in [16] , where an ideally negative-permeability metamaterial shell is utilized to enclose a loop antenna, as shown in Fig. 1 . The mutual induction (magnetic coupling) between the MI transceivers can be significantly enhanced by matching the negative-permeability metamaterial layer with the positive-permeability environment. The theoretical results predict that, by using the metamaterial-enhanced MI (M 2 I) communication system, a pocket-size loop antenna can achieve around 20 m communication range with acceptable data rate (Kbps).
Despite the promising prediction, it should be noted that the theoretical results in [16] rely on the assumption that an ideally homogeneous isotropic metamaterial spherical layer can be readily used for M 2 I communication. Unfortunately, such material does not exist in nature. Moreover, to date, no existing solution has been proposed to realize the metamaterial sphere that can be used in the M 2 I proposed in [16] . Without the practical design and implementation, the M 2 I communication technique is only a castle in the air due to the invalidated assumptions.
Metamaterial is composed of periodic artificial metallic or dielectric atoms. It is able to demonstrate negative permeability and permittivity, which can manipulate EM waves in extraordinary ways [17] . The periodic metamaterial components can be organized in various fashions. For example, in [18] , metamaterial cells form a slab, which is utilized for highefficiency Wireless Power Transfer (WPT). In [19] , a metamaterial cylindrical shell is fabricated to improve the accuracy of Magnetic Resonance Imaging (MRI). More relevantly, [20] proposes to utilize spherical metamaterial to realize invisible cloaking at GHz or THz bands in theory. When it comes to implementation, spherical cloaks are simplified to cylinders due to the complexity of the 3D structure [21] .
There are three major challenges to design and implement the M 2 I communication: First, it is a challenge to make metamaterial spherical. Second, in M 2 I communication we need to not only fabricate the spherical metamaterial but also precisely control its effective permeability and thickness. Since metamaterial is a kind of effective media [22] , the effective parameters (e.g., the value of effective permeability and thickness) are hard to be accurately determined. Third, the M 2 I communication requires the metamaterial-enhancement not only appearing near the metamaterial layer but also can be extended to further regions, i.e., the transmission distance should be much larger than the size of the antenna. It is essential for effective wireless communications in practical applications. However, existing metamaterial implementations focus on manipulating EM waves in the very close vicinity of the metamaterial.
In this paper, we realize the M 2 I communication through the practical design and implementation. Specifically, we propose to utilize a spherical micro coil array to realize the ideal homogeneous and isotropic metamaterial spherical layer that is needed in M 2 I communications. We uniformly place a large number of carefully-designed small coils on a spherical shell and prove that the coil array indeed demonstrates a negative permeability. Then, we demonstrate that this shell can enhance the radiated field by the original MI antenna, which in turn increases the communication range and data rate. In addition, the optimal configuration of the proposed spherical coil array is found and its communication performances are similar as the ideal M 2 I predicted in [16] , both of which are much better than the original MI communication in underground [6] . The results are evaluated and validated by full-wave simulations and in-lab experiments. More importantly, different from the complicated EM field analyses in [16] , we provide more intuitive understandings on the physical mechanism of M 2 I communications through the equivalent circuit model. Generally, the contribution of this paper can be summarized as follows: 1) a practical design based on a spherical coil array is proposed to realize the ideal M 2 I communication; 2) we find the optimal conditions to achieve the negative permeability and the wireless communication range is significantly increased; 3) we provide both insightful design guidelines and validations by using full-wave simulations; 4) the proposed M 2 I communication is implemented and tested in real communication system (in-house fabricated metamaterial shell and USRP softwaredefined radio platform).
The following of this paper is organized as follows. The related works are presented in Section II. Then, the antenna design for M 2 I communication and equivalent circuit model are discussed in Section III. This is followed by the wireless communication performance evaluation and full-wave validation in Section IV. After that, an implementation of M 2 I communication is demonstrated and tested in Section V. Finally, this paper is concluded in Section VI.
II. Related Works
Wireless communications in complex environments can be traced back to 1920s by using the TTE communication technologies. Both giant electric and magnetic antennas are employed to overcome the high absorption loss in underground communication system for mine rescue [23] [24] [25] . The emerging wireless sensor networks provide a more efficient and economical way to collect information in complex environments [26] . MI communication was introduced to underground sensor networks in [6] to provide stable wireless communication channels for sensors. Due to the tiny size of wireless sensors, the giant antenna is reduced to several centimeters, which makes it inefficient. Motivated by the pioneering works in [27] , [28] , a MI waveguide formed by an array of magnetic coils is utilized to provide a lowloss path for wireless signals to extend the communication range. The existing works on MI communication in complex environments focus on two aspects. First, the antenna and wireless channel modeling, for example, the channel models in underground and underwater environments are derived based on equivalent circuits in [6] and [11] , respectively. In addition, upon the channel model, MI networking protocols, connectivity, and capacity in aforementioned environments are analyzed in [10] , [29] , [30] . Although MI communication is becoming more and more mature, the communication range is still limited since the operating frequency falls into HF band and the antenna size is much smaller than the wavelength, which makes the antenna electrically small and inefficient. To address this challenge, existing works use either giant antenna or large numbers of relay coils to improve the received signal strength, which require more space to accommodate the antenna or more labor to deploy the relay coils. Although there are many kinds of efficient electrically small antennas (ESA), such as helix antenna and spherical resonator, they cannot be directly applied in the considered complex environments, since they are designed for terrestrial communication and leverage electromagnetic waves [31] . MI communication relies on the magnetic field coupling using both reactive power and real power to reduce the absorption loss and multipath fading. It has extremely small electrical size, which is very different from existing ESAs, and thus special techniques should be adopted to improve its communication performance.
Metamaterial formed by periodical elements can enable a large number of novel applications, among which the superlens is the most relevant to this research [40] . To enhance the magnetic coupling, the superlens have been widely adopted in WPT [18] , [19] , [38] , [39] , [41] [42] [43] and MRI [44] , [45] . Both planar and curved structures are analyzed and implemented. However, different from WPT and MRI, which utilizes near field reactive power within a narrow band, MI [32] , [33] complex environments, e.g., underground soil [29] , [30] , underwater [11] , [34] , pipeline [35] , and oil reservoir [36] complex environments (the same as MI)
Antenna type patch, helix, electric dipole [31] , [32] , [37] magnetic loop antenna [6] , [13] metamaterial-enhanced loop antenna [16] , [18] , [38] , [39] Mechanism electromagnetic wave magnetic induction [6] , [10] , [29] , [30] enhanced magnetic induction [16] Propagation medium air lossy medium lossy medium Distance up to 2 km ∼10 m ∼more than 20 m Benefits long range; high data rate low propagation loss [15] ; stable wireless channel [10] ; MI waveguide to extend communication range to more than 100 m [27] , [28] low propagation loss; stable wireless channel; longer range than MI; M 2 I waveguide to extend communication range [16] Limitation high absorption loss in lossy medium short range; low data rate metamaterial need to be well designed [16] communication works in the transition region, which employs both reactive power and real power. Also, the communication requires a relative larger bandwidth. Therefore, to extend the communication range, we have to increase the radiated power, rather than focusing on increasing power transfer efficiency in the near field. Metamaterial antennas have been proved to be a promising way to increase the efficiency of ESA. In [37] , the performance of metamaterial enhanced antenna is discussed analytically. The results show that with a metamaterial sphere, the radiated power can be significantly increased. In [46] , [47] , the promise of high efficiency of metamaterial-inspired antennas are validated and several types of antennas are presented and tested. Also, the metamaterial can increase antenna bandwidth or decrease antenna coupling in an array [48] , [49] . Motivated by this, M 2 I communication is introduced to complex environments in [16] to increase the mutual coupling between transceivers and extend the communication range. Different from [37] , the effect of the lossy medium on M 2 I antenna is analyzed and simulated. Although an initial prototype is provided in [16] , the size of the prototype is large and an analytical analysis to connect the ideal EM analysis with the prototype is missing. Also, there is a lack of practical implementation guideline on M 2 I communication to achieve the promising results in [16] . In this paper, we propose a spherical coil array to realize the metamaterial sphere and M 2 I communication. Different from [16] , which is based on EM analysis and simulation, this paper fills the gap between ideal model and real implementation by using equivalent circuit analysis to provide more intuitive understandings. There are various approaches to fabricate metamaterials in 2D and 3D [50] . We adopt a 3D spherical structure with coil arrays to realize the proposed M 2 I communication. The unique characteristics of MI and M 2 I are also summarized in Table I. III. Antenna Design for Practical M 2 I Communication
In this section, we first review the ideal M 2 I communication in [16] and extract the key antenna and metamaterial design objectives. After that, we introduce the spherical coil arrayenabled metamaterial shell to realize the design objectives. Meanwhile, the effective parameters and resonance conditions are discussed.
A. Design Objectives
The geometric structure of the antenna for M 2 I communication in [16] consists of two part, namely, the active loop antenna in the center and a passive metamaterial shell with inner radius r 1 and outer radius r 2 , as shown in Fig. 1 . The permeability of the inner layer, metamaterial layer and outer layer are denoted by µ 1 , µ 2 and µ 3 , respectively. Also, the metamaterial layer in [16] is considered as homogeneous and isotropic. The key parameter of MI communication is the mutual inductance, which couples the transmitting and receiving antenna together. By using M 2 I, the mutual inductance can be expressed as
F 1 and F 2 are coefficients, andô is an asymptotically small value. The first term on the right-hand side of (1) is much larger thanô. When the term in the bracket of (1) This enhancement is because of the matching between the metamaterial layer and the antenna [37] . In view of (1), only a negative µ 2 can make the dominant part vanish. Hence, the first key design objective is a negative-permeability layer. Meanwhile, this layer should be spherical and thus the second objective is designing a spherical metamaterial. Last but not least, the resonance condition of the spherical shell should be found upon rigorous analyses. With these objectives in mind, we provide a practical design in the following.
B. Metamaterial Modeling and Analysis
When the particles in a mixture are much smaller than the wavelength, the mixture can be regarded as an effective homogeneous medium and its constitutive parameters, such as effective permeability, permittivity and conductivity, can be derived analytically [22] . Thus, to design the metamaterial, we need large numbers of atoms and their size is supposed to be much smaller than wavelength. Before demonstrating how to find the effective parameter, we give an example by using a coil to show how it can change the effective permeability.
As shown in Fig. 2 , a source radiates magnetic field H sŝ , which can induce current I n in a coil (the coil has a capacitor in series to tune its reactance). The direction of I n can follow right-hand rule or left-hand rule, which is determined by its reactance. Here,ŝ is a unit vector standing for the direction of magnetic field. If we consider there is no coil, at the observation point o in the figure, the magnetic flux can be expressed as B m = µ 0 H sŝ , where µ 0 is the permeability of vacuum. However, if the coil exists, due to the induced current I n , the coil reradiates magnetic field H cĉ , whereĉ is also a unit vector denoting the direction of the reradiated magnetic field. As a result, the magnetic flux at point o can be updated as
where µ e f f is the effective permeability at point o.
In view of (2), the effective permeability can be controlled provided that the reradiated magnetic field H cĉ can be manipulated. When H cĉ /H sŝ is negative and its absolute value is larger than 1, the negative permeability can be obtained. The detailed approach to adjust H cĉ is discussed in the following sections. Also, it is worth noting that besides coil, there are many other radiators can be utilized to achieve negative permeability, such as complicated metallic structures and dielectric spheres [51] . Since coil is relatively easy to fabricate and its performance is tractable, we employ it in this paper. Next, more coils are utilized to construct an effective medium with negative permeability. The geometrical structure of the metamaterial is presented in Fig. 3 . The same as our discussion in [16] , we set the outer radius of the spherical shell as 0.05 m, which can be accommodated by wireless sensors/robots. By using the Pentakis icosidodecahedron [52] , we equally divide the surface of the sphere into 80 triangles with 42 vertices. Each vertex is the center of a coil and the coil's orientation is the radial direction from the center of the shell to the vertex. In this way, the coil array is constructed by 42 identical coils. The coils are made of copper with capacitors to tune them and the simulation model of a PCB unit and corresponding equivalent circuit are depicted in Fig. 4 . In the equivalent circuit L c , R c , and C represent the coil inductance, resistance, and compensation capacitance, respectively. The square coil employed here has similar performance as a circular coil since it is much smaller than the wavelength. In the following, we show that this structure can achieve negative permeability and it is equivalent to the ideal metamaterial shell in [16] .
First, the spherical coil array is considered as a homogeneous layer. By using effective medium theory [17] , we find the effective permeability of this layer. The radiation source is the same as our work in [16] , i.e., a magnetic loop antenna, and all the coils on the shell are passive, as shown in Fig. 5 . According to Kirchhoff voltage law we can obtain,
where Z ∈ C N×N , N is the number of coils on the shell, the diagonal elements Z n = R c + jωL c +1/ jωC, Z mn = jωM mn , M mn is the mutual inductance between coil m and coil n and the detailed calculation is provided in Appendix A, I ∈ C N×1 and its element I n is the induced current in coil n, and V ∈ C N×1 and its element V n is the voltage. The magnetic field radiated by a coil or loop antenna in radial direction H r and polar direction H θ can be found in Appendix A. For a planar spiral coil on a PCB, its self-inductance can be approximated by [53] 
where Since the operating frequency of M 2 I antenna is above 1 MHz, the AC resistance should be considered which is [54] , [55] 
The series capacitance can be chosen as wish and thus we can carefully design it to achieve optimal performance. The direction of H r and H θ are depicted in Fig. 5 . Since the coil orientation is parallel with H r 's direction and perpendicular to H θ 's direction, only H r can induce currents in the coils on the shell. As a result, this shell can be regarded as metamaterial for H r , but not for H θ . This can be solved by using a tri-directional coil [56] or a cubic metamaterial as that in [18] , [38] . In this paper, we only consider H r to derive succinct analytical results to extract more insightful understandings. Consequently, V n in (3) can be expressed as
where θ n is the angle of H r and the coil's orientation. According to Kirchhoff's voltage law, without loss of generality, in coil n we can obtain
In addition, we have the following proposition: Proposition 1: For any coil n on the shell, I n = AH r cos θ n , where A is a constant. The proof is provided in Appendix B. An intuitive understanding of Proposition 1 is that the induced current in a coil on the sphere is proportional to the incoming magnetic field radiated by the loop antenna.
If only coil n exists on the spherical shell and all other coils are removed, only µ 0 is in the parentheses on the right-hand side of (7) . In other words, the first term in the parentheses denotes the mutual interactions among coils on the shell. When there are no other coils, this term does not exist and this is indeed the conventional material with permeability µ 0 . Hence, when we consider all other coils on the shell, the terms in the parentheses can be regarded as the effective permeability. In addition, based on Proposition 1, since I n /(H r cos θ n ) = A, the left-hand side of (7) is a constant. Therefore, no matter which coil on the shell we select, the value in the parentheses does not change, i.e., the effective permeability is homogeneous.
By using (7) and the value of A in Appendix B, we can obtain
From (8) we can see when the second term in the parentheses is larger than 1, a negative permeability can be achieved. Moreover, from (8) we can find that the effective permeability is only determined by the coils' mutual inductances and the lumped elements. It is not affected by the radiation source. So far, we have addressed the first two challenges to design a spherical negative-permeability metamaterial. Next, we show the way to change metamaterial effective permeability and find the optimal parameters.
In view of (8), the second term in the parentheses need to be larger than 1 and thus a negative permeability can be achieved. To distinguish the real and imaginary part, (8) can be written as,
where
need to be maximized to let it at least be larger than 1. Then, we find the derivative of F with regard to X and the optimal condition is X 2 = R 2 c . Hence, X can be positive R c or negative R c . The term N i=1,i n M in is negative and thus when X = R c a large positive (µ e f f ) can be obtained, while X = −R c a large negative (µ e f f ) can be obtained, which is 1 + (ω N i=1,i n M in )/(2R c ). Since our objective is to design negative permeability metamaterial, X = −R c is the prerequisite, upon which we can obtain the resonance frequency, which is
Observe that, in (10) there is a meaningful positive solution and a meaningless negative solution. Consequently, there is only one resonant frequency, which results in large negative permeability. Note that, besides frequency, the capacitance C is also a variable we can freely change. Equivalently, if ω 0 is the designed operating frequency, by varying C we can also achieve the resonance and the optimal value is
The above optimal condition can only predict the most negative permeability, which may not be the optimal condition of M 2 I communication, because when the real part is significant, this also yields a large imaginary part. However, since the negative permeability is based on coil unit's resonance, it can only be achieved within very narrow band or small range of capacitance variation. Thus, the aforementioned optimal condition can be a good approximation. By examining (9) we can find that the imaginary part of the effective permeability is mainly determined by R c . Specifically, if we ideally assume that R c = 0, the imaginary part vanishes and by changing X or, equivalently, changing C, we can obtain any µ e f f as wish. As a result, the bottleneck becomes the coil's resistance R c and it needs to be minimized to reduce the negative effects. To reduce R c , we may aggressively increase the width of the trace, use lower frequency to minimize AC resistance, or reduce the trace's length. Nevertheless, these solutions are either not practical or not efficient. Here, we show that by increasing the operating frequency we can obtain more negative µ e f f , since ω increases faster than R c at lower MHz band. In other words, use higher frequency, we can increase the ratio ω
Based on the developed model, we analyze the effective permeability numerically. First, the configurations of the small coil are given as: d o =16 mm, d i =12 mm, and t c =0.0356 mm. The small coil is made as large as possible to increase the filling ratio of the metamaterial. The trace is made of copper and its permeability is µ 0 =4π×10 −7 H/m. The analytical results in (10) and (11) indicate that either varying frequency or capacitance, effectively negative permeability can be obtained. Based on this observation, without loss of generality, we first fix the capacitance as 2.16 nF and 0.35 nF to investigate the resonance frequency, then fix the frequency as 20 MHz and 50 MHz to investigate the effect of capacitance. The frequency effect is shown in Fig. 6 . As predicted, there is a resonance as the frequency varies. It is worth noting that the negative effective permeability appears at lower frequency than the large positive permeability. It can be interpreted from two aspects. First, only around the resonance frequency the small coils on the sphere can respond efficiently no matter positive or negative due to the small impedance in the coil, i.e., either significantly large or small frequency cannot excite the coils because of high impedance. Second, when the frequency is a little smaller than the optimal frequency, the impedance of the capacitor is large since Z c = 1 jωC and the overall reactance of the small coil is negative. According to right-hand rule, a coil with positive inductance generates a current, which radiates magnetic field whose direction is opposite to the incoming magnetic field. However, now due to the contribution of the capacitor, the negative reactance leads to a current which radiates magnetic field whose direction is the same as the incoming magnetic field. In other words, left-hand rule governs the EM field in this scenario. Therefore, the effective permeability becomes negative. When the frequency becomes a little larger than the optimal frequency, the impedance of the capacitor becomes smaller due to the increase of ω and the overall reactance of the coil returns to positive which obeys the right-hand rule again. Thus, the effective permeability is positive.
Next, we gradually change the capacitance and fix the operating frequency at 20 MHz and 50 MHz, as shown in Fig. 7 , resonances can also be obtained. The physical principle is the same as varying the frequency since both the frequency and capacitance are inversely proportional to the capacitor's impedance. By using the optimal condition derived in (10) and (11), we find the optimal frequency for 2.16 nF is 20.17 MHz and the resonance capacitance for 20 MHz is 2.19 nF, which agree well with the results shown in Fig. 6(a) and Fig. 7(a) . In the same way, we find the optimal frequency for 0.35 nF is 50.48 MHz and the resonance capacitance for 50 MHz is 0.353 nF, which also confirm the results in Fig. 6(b) and Fig. 7(b) . Thus, (10) and (11) can predict the optimal frequency and capacitance with good accuracy.
IV. Wireless Communication Performance Analysis
The spherical metamaterial shell with negative permeability has been designed in preceding section, upon which we analyze its wireless communication performance in this section. Moreover, the high efficiency of M 2 I communication is explained from the perspective of equivalent circuit model rather than the complicated EM field model in [16] and this can provide more straightforward understanding of M 2 I communication. Additionally, the predicted negative self-inductance by the ideal model in [16] is explained here.
A. Magnetic Field Enhancement Analysis
In order to compare the efficiency of M 2 I communication and MI communication, we adopted a similar approach as that in [37] which provides the transmitting antennas with the same input current 1 A and analytically calculate and numerically simulate the magnetic field intensity radiated by the antennas. Note that, the radius of the M 2 I loop antenna is set as 0.04 m, while the radius of the MI loop antenna is set as 0.05 m, which is also the outer radius of the M 2 I shell. Moreover, the ideal M 2 I's performance is not comparable with coil array-based M 2 I antenna, although they have the same negative permeability. Because the inner radius of ideal M 2 I
capacitance (nF) in [16] is 0.025 m and the loop antenna is 0.015 m in radius. However, the coil array-based M 2 I antenna has almost no physical thickness. As a result, we can set the loop antenna much larger than ideal M 2 I antenna to fully use the space. 1) Magnetic Field Analysis: As depicted in Fig. 3 , in M 2 I communication only the large loop antenna is actively excited and all other small coils on the shell are passive. Since the induced voltage in the receiving coil is proportional to magnetic field intensity, we use it as a metric to show the enhancement. For MI antenna, the magnetic fields are radiated only by the loop antenna. However, for M 2 I antenna, the magnetic field is the vector superposition of that radiated by the loop antenna inside the shell and the reradiated magnetic fields by the passive coils, which can be expressed aŝ
where the large loop antenna is denoted by i = 0. To find I i , we can use (3) and (6). Note that to find H r and H θ the expressions in Appendix A can be applied. However, the formulas are valid when the coordinates origin is the center of the coil and z-axis overlaps the coil's orientation vector. Otherwise, we have to do transformation to convert all the fields in the same coordinates. To find the magnetic field intensity at an observation point, we first consider all the fields from each antenna individually. Then we decompose the fields in a Cartesian coordinates. Finally, we add all the fields together to obtain the overall magnetic field at the point. Based on the developed analytical model and full-wave simulation, we analytically and numerically evaluated the performance of M 2 I communication. We still consider 20 MHz and 50 MHz as the operating frequency and keep the distance as 0.2 m and 0.8 m to show the gain is stable with distance. As demonstrated in preceding section, either varying capacitance or frequency, we can obtain the resonance. Here, we keep the frequency as a constant and vary the capacitance. The results are plotted in Fig. 8 and Fig. 9 . However, observe that there is a deviation of the resonance capacitance between the analytical results and the simulation results. This is due to the approximation of mutual inductance and self-inductance which are not exactly the same as those in the full-wave simulation model and thus the resonance capacitor shifts a little bit. Nevertheless, the curve shape of the analytical results match well with the simulation results which also reveal the following two facts. First, the resonance does not appear when the effective permeability is the most negative. As shown in the two figures, the resonance is achieved when the real permeability is around -1 rather than even more negative values. On the one hand, as will be shown in following discussions, negative permeability can enhance the radiated magnetic field. On the other hand, the more negative, the higher effective loss which reduces the shell's efficiency. Therefore, there exists an optimal permeability value. Second, the 50 MHz achieves even better performance than 20 MHz in the analytical results, while their simulation results are similar. The difference between the analytical model and the simulation model is the coil resistance. In the analytical model, the real PCB trace has a certain resistance. However, in the simulation model, the trace is perfect electric conductor, which has almost no resistance. As a result, the performance of the simulation model is nearly ideal since it has almost no loss, while the performance of the analytical model highly depends on the ratio ω N i=1,i n M in /(2R c ) as discussed in preceding section. R c is determined by the AC resistance. From 20 MHz to 50 MHz, ω increases faster than R c , and thus 50 MHz performs better. We can foresee that as frequency increases even more, when R c increases faster than ω, high frequency cannot achieve better performance.
2) Physical Principle of Enhanced M 2 I Communication: As discussed in the design objectives, only if the dominant part on the right-hand side of (1) becomes zero, the radiated magnetic field can be enhanced and significantly large mutual inductance can be achieved. Accordingly, we have to use metamaterial to make µ 2 negative. Now, from a different perspective, we consider the shell consists of discrete coils and show how each coil works to let the shell resonant. Also, we provides insights to understand the peaks and nulls in Fig. 8 and Fig. 9 .
As discussed in Section III-B, by manipulating the reradiated magnetic field by coils we can change the effective permeability. Similarly, we can adjust the capacitance to change the direction of the reradiated magnetic field to either enhance or cancel the radiated field by the loop antenna. To illustrate the physics better, we assume that the small coil's resistance R c is infinitely small which is equivalent to a no-loss metamaterial unit, and its reactance X = ωL c − 1/(ωC) + ω N i=1,i n M in is either positive or negative. Then, assume that the magnetic field H s radiated by the loop antenna induces a voltage V = − jωπa 2 µ 0 H s = − jV 0 in a small coil. Now we consider three scenarios to distinguish the resonance and nonresonance, and the peaks and nulls.
First, when the small coil is far from resonance, i.e., X is dramatically large, although the induced voltage is large, the induced current in the small coils are extremely small. As a result, the effect of those small coils on the shell can be neglected and only the loop antenna in the center is radiating. Therefore, under this circumstance, M 2 I has no gain over MI and, even worse, its efficiency is lower than MI since its radiating loop antenna is within a shell which is smaller than MI's antenna. That is why on the two sides of the resonance, M 2 I's field intensity is lower than MI. Then, let us look at the resonance region. First, at the peak point, X < 0 since C is smaller than the capacitance that can make the reactance vanish. When R c is negligible, the current in each small coil is V 0 /|X|, which has the same direction as the current in the radiating loop antenna. Therefore, the coils on the shell can collect the near field power of the radiating loop antenna and reradiate this out. This phenomenon is strong because the small coil is close to resonance and X is small, which results in a large current in the coil. Thus, the reradiated field is significant. When it comes to the null, X > 0 since C becomes larger than the capacitance that can make the reactance vanish. At this point, the current in a small coil is −V 0 /|X| and it has opposite direction to the current in the radiating loop antenna. Therefore, the reradiated magnetic field cancels the magnetic field radiated by the loop antenna. Similarly, when X becomes even larger, the induced current in the small coil reduces dramatically and this alleviates the negative effect.
In additional to the model-based understanding of the M 2 I communication given in [16] , here we can provide a more intuitive explanation on the enhancement mechanism of M 2 I communication from the perspective of practical design and implementation. As discussed previously, the fundamental reason of the very limited communication range of the original MI is the very inefficient antenna, which is due to the extremely small coil size (denoted as a, 5 cm in this paper) compared with the signal wavelength (denoted as λ, tens of meters in HF band). Around the original inefficient MI antenna, the ratio of the reactive power to the real power is approximately ( λ 2πa ) 3 [57] . Therefore, the majority of the power generated by the coil antenna is reactive, which only exists in the very close vicinity of the coil antenna and cannot be used for wireless communications if the transmission distance is relatively long. In contrast, the M 2 I communication can utilize such reactive power by converting a portion of the reactive power to the real power that the MI communication can rely on. Specifically, the reactive power induces current in the small coils on the metamaterial shell. The small coil then radiates real power and reactive power in the same fashion as the loop antenna. Due to the large number of small coils, the real power converted from the reactive power is significant compared with the original real power (three orders of magnitude in theory [16] and one order of magnitude realized in this paper). This also explains why the metamaterial enhancement of M 2 I apply to not only the near region but also the far region of the transmitting antenna. To validate the above discussion, in Fig. 10 we compare the ratio of real power density over imaginary power density of MI and M 2 I when the distance is smaller than the metamaterial shell radius (inside the shell). Consistent with preceding discussions, the M 2 I has much higher ratio that shows the imaginary power is converted into real power in the metamaterial shell. Note that, this enhancement will not change the antenna pattern but increases its radiation resistance. Through the simulation, we find that the radiation can be improved by around 10 times, which makes the antenna easier to match.
B. Comparison with Ideal M 2 I Communication
In [16] , we notice that the self-inductance can be negative around the system's optimal condition and in the complex and lossy medium the loop antenna's resistance can be increased dramatically. Now, with this realistic M 2 I shell, we reinvestigate the above effects and show the fundamental physics behind them. 1) Self-Inductance of M 2 I Antenna: In [16] , we found that the loop antenna's self-inductance can be negative and the reason is explained using EM theory. The antenna's selfinductance is expressed as L m = L 0 + ∆L, where L m is the overall self-inductance, L 0 is the self-inductance without the metamaterial shell and ∆L is the additional self-inductance caused by the metamaterial shell. When the system is not resonant, ∆L is negligible and L m is positive. Near the optimal condition, ∆L changes dramatically. When ∆L is positive and has a large absolute value, L m is still a positive number, while when ∆L is negative and has a large absolute value, L m becomes negative and the loop antenna demonstrates a negative self-inductance. The results are also validated in Fig. 14 and Fig. 16 in [16] . Here, by using the realistic M 2 I, we analyze the negative self-inductance under practical conditions.
As analyzed in preceding subsection, the radiated magnetic field can be either enhanced or canceled by the metamaterial shell. Using 20 MHz as an example, we conduct the fullwave simulation and the results are shown in Fig. 11 . The input current is positive and thus the magnetic field along the axis of the coil is positive z-direction. As shown in Fig. 11(a) , when capacitance is 2.5 nF, the magnetic field outside the shell is the same direction as that without the shell, i.e., the field is enhanced by the shell. Referring back to Fig. 8 , this is around the peak. Effectively, it is equivalent to the condition that the M 2 I loop antenna has better mutual coupling than MI and thus its self-inductance is increased. When the capacitance becomes 2.55 nF, the magnetic field outside the shell changes its direction by 180 degree because of that the reradiated field by the small coils are larger than the original field radiated by the loop antenna. Therefore, the loop antenna radiates magnetic field, which obeys left-hand rule and its self-inductance is negative. When the capacitance is 2.6 nF, the coils on the shell is far from resonance and, as a result, its reradiated field becomes weak and the field radiated by the loop antenna is dominant again. Thus, the magnetic field direction is the same as that without the shell.
Besides 20 MHz with C 0 =2.16 nF and 50 MHz with C 0 =0.353 nF, we consider an ideal scenario where the frequency is 20 MHz, C 0 is 2.16 nF, but the coil resistance R c is reduced 1000 times which is almost equivalent to a perfect no-loss metamaterial. The effective self-inductance can be expressed as L e f f = L 0 + (Z re f )/ jω, where denotes the imaginary part of a complex number. L e f f is also plotted in Fig. 12 . Due to the coupling among the loop antenna in the shell and coils on the shell, the reflected impedance in the loop antenna need to be considered, which can be expressed as [6] 
/Z i , where the subscript 0 denotes the loop antenna. The negative self-inductance generated by the spherical coil array is consistent with the discussion in [16] , i.e., Fig. 14 and Fig. 16 , by using the ideal metamaterial. Notice that, the ideal scenario can achieve a negative self- inductance as predicted. However, 20 MHz and 50 MHz can only achieve relatively small self-inductance, but cannot be negative. The reason is that their resonance is not as strong as the ideal scenario due to the coil resistance. Inside the shell, the dominant field is from the loop antenna since the reradiated field from the small coils are not strong enough, while outside the shell the field radiated by the small coils are larger than the loop antenna since the small coils are closer to the observation point. As a result, although ∆L becomes negative, the reflected impedance in the loop antenna is not large enough to cancel the antenna's positive self-inductance.
2) M 2 I Communication in Lossy Medium: The loss of the metamaterial shell is due to the resistance of the small coil on the shell. In previous discussions, the environment is considered as lossless, while the original MI communication is proposed to improve the communication performance in lossy underground environment. If M 2 I works in a lossy medium, the performance would be affected by the environment's conductivity, because of two reasons. First, due to the lossy medium, in the near region of the small coil on the shell, there is an additional loss which can be regraded as a reflected impedance in the coil. As a result, the overall resistance of the coil increases. This effect is more significant when the conductivity of the medium is high. The large resistance of the coil results in a high-loss metamaterial effectively, which can dramatically reduce the communication range or channel capacity. Note that, in [16] the ideal metamaterial is assumed to have a constant loss which is not affected by the medium's conductivity. However, for realistic M 2 I this does not hold since the metamaterial elements are also affected by the medium's loss. Second, the lossy medium can affect the radiating loop antenna in the same manner as affecting the small coils, i.e., the loop antenna also has an additional resistance caused by the medium, which induces more loss in the antenna.
This challenge can be well addressed by using a larger spherical shell to enclosed the M 2 I antenna. As shown in [58] [59] [60] , the additional resistance is the reciprocal of the radius of the dielectric sphere. In other words, the larger the sphere we used to enclose the M 2 I antenna, the smaller the additional resistance. Here, we just provide this solution, the detailed modeling is out of the scope of this paper since it involves spherical wave-based EM field analyses.
In addition, the reason we employ magnetic dipole antenna rather than other typical electric antennas is due to its attracting properties in lossy medium, such as stable channel, low multipath fading, and low absorption loss [6] , [10] . According to the theoretical results in [15] , magnetic dipole is the most efficient antenna in lossy medium, especially when the antenna size is extremely electrically small. In lossy media, such as underground and underwater, the magnetic dipole has been extensively used [10] , [29] , [30] , [61] . In Fig. 13 we provide the numerical simulation results to compare the energy density generated by M 2 I with a spherical helix antenna. The antenna is configured the same as the 7-turn antenna in [32] , but its radius is changed to 5 cm to make it the same as the M 2 I. Since the spherical helix antenna with 5 cm radius resonant at much higher frequency (308 MHz) than M 2 I, the energy density attenuates very fast. The M 2 I using magnetic induction experience less absorption.
C. Path Loss and Channel Capacity
Up to this point, we have demonstrated that the coil arraybased M 2 I can significantly enhance the radiated magnetic field intensity. In this section, we present the performance of the wireless channel between two M 2 I transceivers, i.e., both the transmitter and receiver are equipped with coil arraybased M 2 I antenna. In this research, the path loss and channel capacity are employed to evaluate the performance of M 2 I. In the terrestrial antenna design, the radiation efficiency is an important parameter since it reflects the capability of the antenna to transmit power into the far field [62] . However, in MI communication, both the reactive power and near region real power are utilized and thus the radiation efficiency can not comprehensively capture the communication capability of the antenna. The path loss is a widely used parameter in MI communication because it considers the received power including both reactive and real power [6] .
The equivalent circuit is shown in Fig. 14 , where R g and R l are the source's output resistance and load resistance, respectively. Both of the R g and R l are set as a typical value 50 Ω. The resistance, self-inductance, and tunable capacitance in the antenna circuit are denoted by R a , L a , and C a , respectively. As shown in the figure, the small coils on the shell are modeled as simple RLC circuit surround the loop antenna. When we compare the M 2 I transceivers and original MI transceivers, the same as previous discussions, the radius of the original MI antenna is the outer radius of the shell, i.e., 0.05 m, while the M 2 I antenna has a radius of 0.04 m and its shell radius is 0.05 m. In order to calculate the magnetic field at the receiving side, we need to add the passive coils in the receiving M 2 I antenna into (3) and (12) .
The voltage for the transmitting loop antenna is V 0 . All other voltages in the updated (3) are 0. By solving the updated (3), the induced current in antennas can be found. The received power can be expressed as P r = 1/2|I l | 2 R l , where I l is the load current. Similarly, the dissipated power in the source can be expressed as P t = 1/2 (I t V 0 ). Then, we can obtain the path loss L(d) = −10 log(P r /P t ). Next, by using the optimal capacitance value 2.16 nF for 20 MHz and 0.353 nF for 50 MHz, we compare the path loss of M 2 I and MI. The loop antenna's resistance and self-inductance can be found in [62, Ch.5] . As shown in Fig. 15 , the path loss of M 2 I is much lower than that of original MI which is consistent with [16] . Also, the 50 MHz achieves lower path loss than 20 MHz since the antennas have stronger coupling at higher frequency. Here, the considered medium is lossless, while when the medium becomes lossy, higher frequency may not be a good choice since it suffers from higher absorption rate.
The return loss bandwidth is provided in Fig. 16 . As shown in the figure, the M 2 I has much broader bandwidth than MI. The reason is that the MI antenna is electrically small and it has very small resistance, which is hard to be matched. Moreover, due to the small resistance, high quality factor impedance matching network is needed, which in turn reduces its bandwidth. On the contrary, the M 2 I has relatively larger resistance due to the coupling between the loop antenna and the small coils on the shell. This makes the antenna easier to be matched. Also, the antenna has broader bandwidth than the MI. The bandwidth exceeds the physical limit is because of the following reasons. First, since the electrical size is extremely small, the bandwidth is supposed to be very narrow. However, such narrow bandwidth is not suitable for wireless communication. Therefore, we need to balance the antenna efficiency and bandwidth. To maintain a reasonable bandwidth, we have to either add additional resistance or match the antenna imperfectly.
The Shannon channel capacity is also evaluated. According to [63] , C = Bw · log 2 [1 + P r /(Bw · N noise )], where Bw is the bandwidth and N noise is the noise density. Since in complex environments communication the bandwidth is usually smaller than 20 kHz [64] and both MI and M 2 I can meet this requirement, the bandwidth is set as 20 kHz. Also, the transmission power is 10 dBm. Besides the thermal noise, additional metamaterial noises can be introduced by the small coils on the shell and they are treated by following the method in [65] , [66] . As shown in Fig. 17, M 2 I can increase the communication range significantly. Note that in the near field the capacity is constrained by bandwidth since the received power is strong enough and thus the performances are similar. When the distance becomes large, the capacity is constrained by the received power since the signal to noise ratio is much smaller than that in the near field. As a result, the gain of M 2 I becomes large.
V. Implementation and Experimental Analysis
In this section, we implement the M 2 I antenna using a 3D printed spherical frame and printed coils on circuit boards. The magnetic field enhancement is validated and the wireless channel between M 2 I transceivers are measured in different environments. A spherical frame is fabricated by using 3D printing technique to support the coil-antenna array. 3D printing is an emerging disruptive technology that can directly fabricate 3D object from digital model without specific tooling and fixturing. Therefore it is more flexible and efficient than traditional molding and machining based manufacturing processes. Fused Deposition Molding (FDM) is one of most popular 3D printing technology which is advantageous in terms of material property, cost and accessibility compared with other technologies. In this research, FDM based desktop printer (MakerBot Replicator 2X) has been employed to fabricate the spherical shape support structure for the coil-antenna array. This process begins with a 3D digital model representing the geometry and topology of the final product, which is modeled in a commercial ComputerAided Design (CAD) software suite (Creo Pro, PTC) as shown in Fig. 18(a) . Dedicated model pre-processing software (Makerware) slices the digital model into a series of 2D layers with several micro-meter thicknesses, and then rasterizes the layers by tool path planning (Fig. 18(b) ). The path data is then transmitted to the 3D printer and the system operates in X, Y and Z axes, drawing the model one layer at a time. The material is fed into the printer in the form of filament, and then heated up to the material melting point and extruded through nozzle with small orifice. The spherical frame is fabricated in a layer by layer basis.
2) Metamaterial Units and Coil-antenna Array: As discussed in the previous sections, the spherical array of small coils is the effective component to realize the metamaterial layer for M 2 I antenna. In our implementation, we place the small coils on the 3D printed frame, which forms the spherical coil-array. The spherical frame and the small coils have exactly the same size as the simulation model in previous section. The small coils are printed on circuit boards with thickness 1.57 mm. The thickness of the copper is 1 oz. The edge of the square PCB is 18 mm long. The outer edge of the coil is 16 mm and the width of the trace is 2 mm. All the coils are placed at the same position as the simulation model. The final product of the 3D printed spherical frame with metamaterial units (i.e., the small coils) is shown in Fig. 18(c) .
B. Wireless Coupling Enhancement
As discussed in Section IV-A, the radiated magnetic field by a magnetic dipole can be enhanced by the metamaterial shell. To validate this conclusion, we resort to the S 21 parameter [67] since it is proportional to the ratio of transmitted voltage to induced voltage; as indicated in (6), the voltage is proportional to magnetic field and thus the S 21 is a good indicator to show the enhancement of wireless coupling. Analogous to the method used in [18] , [68] As shown in Fig. 19 , a resonance is achieved at 18 MHz and the gain is around 8 dB. The results show that both the resonant peak at 18 MHz and the null right after it are exactly the same as our analyses and prediction. It is worth noting that the implementation of M 2 I requires the small coils on the shell to be highly identical, i.e., the capacitors should have low tolerance. The capacitors we use have 1% tolerance. If the tolerance is higher, the small coils on the sphere have slightly different resonance frequency and thus the negative permeability on the sphere are inhomogeneous, or even worse some of the coils may demonstrate positive effective parameter. Similarly, the coils are supposed to be identical, otherwise their self-inductance and resistance are different, which can also create inhomogeneity on the sphere.
C. Wireless Channel Measurement
To measure the path loss the of wireless channel between two M 2 I transceivers, we use USRP software-defined radio kits as the signal transmitting and receiving devices. The M 2 I antennas are connected to the USRP boards. The mother board we utilized is the USRP N210, which is based on a Xilinx Spartan-3A DSP 3400 FPGA. It has a 100 MS/s dual ADC and a 400 MS/s dual DAC, and it is connected to computer via a gigabit ethernet. The daughter boards are LFTX/LFRX which can support two independent antennas through connectors TxA/RxA and TxB/RxB. This daughter board can generate and receive wireless signals from 0 MHz to 30 MHz which is within our interest frequency band, i.e., 18 MHz. Based on these hardware equipments, the signal is generated and analyzed in GNU softwares installed on a computer. The signal is generated by a signal source block with frequency 100 kHz and the transmitting frequency is set as 18 MHz. At the receiving side, we use a fast Fourier transformation (FFT) block to convert the received time domain signal into frequency domain signal. Note that, the received power here is in dB scale rather than dBm since it is a relative value which is determined by the device. The exact power value in dBm needs a comprehensive analysis on the power loss and gain of each component that the signal goes through. In the following, we provide the same transmitting power and measure the received power to show the difference between the case using M 2 I antennas and the case using original MI antennas. Since the metamaterial shell is symmetrical, the shell have the same influence on the inner loop antenna with arbitrary orientation. In the experiments, the transmitting and receiving antennas are placed coplanarly. The experiments are conducted in two environments for the aforementioned applications, including indoor environment and underground environment. 1) Indoor: We first test the path loss in indoor environments and the settings employed is depicted in Fig. 20(a) . By varying the distance between a transmitter and a receiver, we measure the received power of using metamaterial sphere and without it. As shown in Fig. 21 , with the metamaterial shell, M 2 I can receive around 10 dB more power than original MI and the communication range can be extended. Also, as an example, the measured power at 38 cm (15 in) is shown in Fig. 22 for both M 2 I and MI. The power spectrum clearly shows that the baseband signal strength is increased by around 10 dB (approximately one order of magnitude) by using metamaterial sphere. In another word, if we use the same transmission power and the same receiver sensitivity, the 10 dB enhancement of M 2 I can almost double the transmission range of the original MI. In Fig. 21 , the analytical path losses predicted by the theoretical model in [16] are also depicted for comparison, which has a good match with the experiment results.
2) Underground: To test M 2 I's performance in complex environments, a tank with length 255 cm, height 76 cm and width 76 cm is utilized and filled with around 0.98 m 3 of sand. The USRP and M 2 I antennas are placed in the sand to test its performance in the underground environment. We measure the received power at 70 cm, 140 cm, and 200 cm away from the transmitting antenna. As shown in Fig. 23 , with the metamaterial shell, the received power are -50 dB, -55 dB, and -58 dB, while without the shell, the received power are -60 dB, -63 dB, and -64 dB. Hence, the gain is also significant in such environment. It should be noted that the soil tank actually creates a confined space with six soilair boundaries, which is much more complicated than the homogeneous environment used in the theoretical model in [16] . As a result, the theoretical curves are not compared here.
VI. Conclusion
Magnetic Induction (MI) communication can enable a large number of novel applications in complex environments, which can significantly enrich the wireless connectivity. Although it has been proved to be a promising solution, its communication capability is still limited by its antenna efficiency. Recently, metamaterial has been introduced to enlarge MI communication range and data rate. However, the existing works are based on ideal metamaterials which do not exist in nature. In this paper, we propose a practical design of Metamaterial-enhanced Magnetic Induction (M 2 I) communication by using a spherical coil array. The physical principles and geometric structure of this design are introduced and its optimal configurations are found. The relation between this practical M 2 I and the ideal metamaterial based M 2 I are discussed. Through the communication performance evaluation, we find that the realized M 2 I can significantly increase the channel capacity and thus extends the communication range, which validates the results promised by ideal M 2 I. The proposed M 2 I communication is also implemented and tested in various environments.
It should be noted that, compared with the theoretical prediction, i.e., three orders of magnitude enhancement, in [16] , there still exists a performance gap in the practical design and implementation in this paper (one order of magnitude). We expect the performance of coil array based M 2 I can be further improved through the following ways. First, the single layer shell can be extended to multiple layers to involve more metamaterial elements. Second, the isotropic metamaterial can be utilized to enhance the polar direction magnetic field radiated by the loop antenna since currently only the radial direction is enhanced which underestimates the loop antenna's performance. Third, current implementation still suffers from high loss. This can be solved by either reduce the resistance of the PCB coil or increase its turns to enlarge its quality factor. Moreover, active circuit can be leveraged to dramatically mitigate this effect.
B. Proof of Proposition 1
The equation (3) can be written as ZI 0 = V 0 . We first consider ideal isotropic radiation source and then the analysis is extended to real dipole source. By assuming that all the elements in V 0 are the same, we have V 1 = V 2 = · · · = V N = − jωπa 2 µ 0Ĥr . Since all the coils are uniformly distributed on the spherical shell, the structure is symmetrical. Moreover, as the coils have the same excitation voltages, they should have the same induced currents, i.e., 
which is a constant. Since the coils are uniformly distributed, N i=1,i n jωM in are the same for all the coils no matter which n we choose. Then, we consider the source is a magnetic loop antenna and ZÎ =V. According to (6) , V n = V 0 cos θ n . Hencê V = KV 0 , whereK is a diagonal matrix and diag(K n ) = cos θ n . Thus, ZÎ = KV 0 . By multiplying the inverse of K, we can obtain K −1 ZÎ = V 0 . Also, Z can be regarded as diagonal matrix since mutual inductances are much smaller than coil impedances, i.e., jωM << (R c + jωL c − j/ωC). Thus, ZK −1Î = V 0 . Moreover, since ZI 0 = V 0 , we have I 0 = K −1Î
. Then, we can obtainÎ = KI 0 . As a result,Î n = cos θ n I n = AĤ r cos θ n .
